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FOREWORD

The gag-dynamic Investizations of the »ulse-jet tube conducted
at the Technical Higzh Schoosl at Aachea igs presentzd in two parts.
Part I was issued in June 1943 and Part IT in Aungust 1944; both varts
are presented here under one cover. Yhre ccntents of cach part is
shovn by the following brief summaries:

Part T - Influence of the Tnrm of the Jjebt tube, of the effective
crogs-gsctional aves of the valves, of leakiness in the valves, and
of the speed of Tlight on the wmode of operation ol the pulse-jot tube
and on the ratio of the amount of charge induced for the gecond cycle
to the standard charge postulated for the firgt crele.

S

Part IT - Consideration of the sequence of vressure ciiangec during

combustion.
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GAS-DYIAMIC INVESTIGATIONS OF THE PULSE-JET TUBE¥*
PART I

By F. Schultz-Grunow

SUMMARY

Baged upon a simplified representation of the mode of operation
of the pulse~jet tube, the eiffect of the influences mentioned in the
title were investigated and it will be shown that, for a jet tube with
a form designed to be asrodynamically favorable, the ability to operate
is at least questionable.

INTRODUCTION

\

The Jjet tube discusaed herein is shown in its simplest cylindrical
form iIn figure 1. Digtributed over the cross section at the left-hand
or inlet end of the tube are air valves that open automatically when-
ever the pressure within the tube is lower than that outside and permit
only inward flow. Here also are locabted fuel-injection valves, which
likewise open autcmatically at low pressure within the tube. The
right-hand, or exhaust, end of the tube iIs open.

In a correctly proporticned Jet tube, if a fuel-alr mixture ini-
tially preseat in the inlet end of the tube in sufficient quentity is
ignited, an automatically repeating working cycle begins, which con-
silsts of the explosion of the fresh charge, its exhaust, the sucking
in behind it of a new mixtvre by the inertia of the exhausting gas
column, and the automatic ignition of the new mixture, wherewith the
process begins anew. The fuel-energy introduced is so transformed
into heat and kinetic energy that exhaust occurs at a greater velocity
than that of intake, whence a thrust results.

*"Gagdynamische Untersuchungen am Verpuffungstrahlrohr." Inat.
f. Mech., Tech. Hochschule Aachen (ZWB), Forschungsbericht
Nr. 2015/1 u. 2.
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In particular, the processes of nonuniform movement in the tube
will be discussed here on the basis of the law of propagation of gas-
pressure waveg of finite amplitude and in the simplest manner, namely,
assuming adiabatic changes of state and further assuming that at the
beginning of the working cycle there is present, adiabatically com=-
pressed relative to the surrounding air, a column of fresh charge,
which suddenly expands, In accordance with the data given by
Paul Schmidt, let the length of the column of fresh charge be one-
geventh of the tube length, and the Initial pressure 1.5 atmospheres
above local atmospheric pressure.

These prescribed initial conditions largely predetermine the
temporal course of variation of the excess pressure at the inlet cross
gection of the tube, from which the thrust results. The reader should
therefore not expect to find in the following remarks a theoretical
method of calculating the thrusi; nor could this be expected in any
cage because the combustion process so completely eludes theoretical
treatment that here experimentation alone is decisive. But what can
be accomplished is the investigation of all the processes get in
motion by the reverberating gas waves and the Influsnce thereon of
any structural alterations, combusvion pressurc, and fllight speed.

The criterion on which the effect of these factors will be more or
less favorably adjusted will be, aside from the ability of the tube
to operate, the increase achieved in the quantity of fresh charge
sucked in and avallable at the end of a working cycle, inasmuch as a
larger quantity will categorically ponsess a greatsy content of
thermodynamically useful work. Dcta so obtained have been confirmed
in experiments and have proven useful in the dcvvelopment of a Jjet-
tube form of low air resistance. Moreover, such data facilitate the
explanation of many phenomena observed in jet-tube work.

SYMBOLS
X distance, from inlet end toward exhaust end
t time, from beginning of a working cycle
R tube length
R? length of column of fresh charge at beginning of first working
cycle
R"  length of column of fresh charge at begiuning of gecond working

cycle
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Fp
Fg

z =

gas velocity

velocity of sound

velocity of sound in local atmosphere

velocity of sound at u = 0 or at stagnation point

x/R, nondimensional distance

ta;/R, nondimensional time

R'/R

R"/R

period of one working cycle

pressure

local stmospheric rressure

density

atmogpheric densgity

op/cv = 1.4

guantity of fresh charge at beginning of first working cycle
quantity of fresh charge at beginning of second working cycle
cross-sectional area of tube

total effective cross-gectional area of air valves open for intake

Fp/Fg

FUNDAMENTALS

Method of investigation.

Making the assumption of one-dlimensional movement along the axis

of the tube, the pressure waves can be followed graphically in a
gystem of coordinates of which the ordinate is time +t and the
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abscisga the digtance x traveled by the wave. An exampls of this
repregentation of distance as a function of time is the graphic
representation of a railway timetable in figure 2. The train leaves
gtation A at time t = O and moves toward B with the constant speed
uy. At B it halts for At seconds and then proceeds further with

the reduced speed us. The course of the line in figure 2 shows

where the train is at a given time and when it will reach a .given
place. Its slope as measured from the t-axis represents the speed

because u = The greater the deviation, the greater the speed.

éx
at”
Zero slope from the t-axis indicates a state of rest; a leftward
glope would indicate motion in the reverse direction.

In order to understand better the graphic methods to be used
herein, reference may here be made to four reports in which the laws
of propagation and reflection of pressure waves of finite amplitude
in gases were investigated. (See reference 1, p. 322, and references 2
to 4.) According to thegse reports, there exists in a tube of uniform
cross section the following relation hetween the velocity of sound a
and the gas veloclty u in an

cutflowing (+x direction) wave, du = - - ? T da
inflowing (-x direction) wave, du = + " ? 7 da
or integrated
2
Au = F—=— Aa; (1)

K- 1 1

These are linear relations, which permit a and u to be super-
imposcd when opposing waves interact. These relations can also be
g0 arranged that, with reference to the quantities defined by

Riemann,
2 1 2
(} T a+u and s = 5 <§—:—T a - %) (2)

there belongs to each element of an outflowing wave an r value that
does not change even when an inflowing wave is encountered, and to
each inf'lowing elcment an 8 value that likewise does not change.

One may further deduce that an outflowing-wave element does not influ-
ence the value of s along its path, nor an inflowing-wave element
the value of r along 1ts path, so if no encounter takes place, an
outflowing wave has a constant 8 value and an inflowing wave & con-
stant r value.

00f 1+~
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In the method to be employed, a pressure wave ls approximated by
a step-curve, ag illUBtrated in figure 3. AL each step, which shall

hereinafter be designated a wave, a change occurs in the velocity of

gound Aa and a change in the gas velocity Au. If these changes

in an outflowing wave are positive, there is a condensation wave; in
the opposite case, a rarefaction wave. In order to distinguish them,
condensation waves will be shown by solid lines and rarefaction waves
by dashed lines. Figure 3 shows the wave propagation in the plane t,x
and the whole wave a3 approximated by the wave elements at various
times. The wave is understood to be caused by a variation of pressure
operating at x = 0. In the diagram, the weve has been divided into
equal increments Au and Aa for the sake of simplicity, namely,

Au = 1.1 ay and, consequently, from equation (1) with K = 1.4,

Aa = 0.2 a;. The arrows show the direction of the gas velocity u

at each moment. The path of a gas particle in a t,x diagram is
always shown as a fincly dotted line; the deviation of this line

{rom the t-axis renrssents wu. The pzth shown is that of a gas
particle that ig at x = 0 when t = 0.

The movement and gas conditlons in a wave are determined by a
and u Dbecause pressure and density may be obtained from the adlabatilc
relations

ZK_ 2_

K-1 K-1
._E_ = .E_ and ...p._. = /E_. (3 )
Py a1 Py (al

The subscript 1 always indicates the atmospheric condition in which
the Jet tube is operatinz. [ NACA comment: The author was able to
neglect the differences in temperature between the working fluid and
the outside atmosphere because of the dimensionless representation.
The calculations were therefore made assuming that the working fluid
in a state of rest has the same temperature es the outside atmosphere.]

The velocity of propagation of a wave w 1s composed of the
velocity of sound a and the velocity of the gas u in which it
travels. It is [NACA comment: In the general case, this relation
is w = uza.]

W=a+u (4)

For the wave marked I in figure 3, w = 87 + 2Aa + 2Au and specif-

ically, as has been sald, this velocity is represented in the plane
t,x by tan a (fig. 3). In drawing the wave plan, this slope is
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taken from a slope pian shown, on the scale of which the velocity
corresponding to a given slope is indicated, both for the positive
and, when required, for the negative direction of propagation.

Similarity.

In order to be bound as little as possible to concrete numerical
values, the dimensionless coordinates ¢ and T will be used in place
of x and t, soO

alt
E = P- and T = —1-2—. (5)

where R 1is the tube length. The slope of a propagation line as meag-
ured from the T-axis 1is then the velocity made dimensionless by divid-
ing by aj. This mode of representation has the advantage that it is
independent of a specific tube length or atmospheric condition (alti-
tude). As a parameter expressing relative lengths, we now have simply

R!
LR
' =%

(R' = length of compregsed column of fresh charge; R = tube length)

The initial pressure of the column of fresh charge, of course, con-
gtitutes a further parameter. Because thls pressure has not yet been
meagured, as already stated, take as a reasonable assumption that it
is 2.5 times as great as the pressure of the surrounding atmosphere,
Then the velocity of sound in the compressed colvmn of fresh charge
according to equation (3) is [NACA comment: The ratio a/al of 1.144
has apparently been chosen for convenience in subdivision into wave
elements. It actually corresponds to a pressure ratio p/pl of 2.565,
rather than 2.5.]

a = 1.144 a;

As also mentioned,

~=

R
§'=—l—=
is taken as the normal case.

The abgolute length of the tube does not appear here as a param-
eter, which is contrary to practical experience, because frictional
and heat losses are disregarded.
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As the final parameter, =z 1s obtalned, the ratio of the intake
cross sectlon Fp (effective flow area of the valves) to the tube

crogs .section FR

In using parameters, it 1ls assumed that two tubes will behave simi-
larly if all their parameter values are the same,

BOUNDARY CONDITIONS IN THE JET TUBE FOR WAVE REFLECTION

Wave reflection et the closed and at the open end of the tube,
as well as at abrupt chenges of ciross section (a series that is con-
sidered as the approximate eguivalent of a gradual change of cross
section) have been previously treated (references 3 and 4).

Closed. end of tubs.

At the closed end of' the tubce, the gas velcocity 1s always zero,
whence it follows that a wave will be reflected with the same strength
and with the same sign as in acoustics.

Open end of tube.

The pressure that exists at the open end of the tube during out-
ward flow is that of the surrounding atmosphere, because the discharge
ig in the form of a Jet; during inward flow there exists a sink flow
and consequently a Bernoulli pressure decreasé, which is determined by
the Bernoulll equation

a
K -1 2 K -1

in whlilch pressure is expressed by sound velocity. From this it fol-
lows, that so long as outflow exlsts, a wave will be reflected at
full strength with opposite sign; but not so in the cese of inflow,
a3 a part of the wave then creates the Bernoulli pressure drop. With
a decreage in the inflow, the Bernoulli pressure drop diminishes.
This need not be further discussed because under the conditions
assumed, so small a degree of inflow occurs at the open end of the
tnbe that this pressure drop may be ignored.

Change in crogs section.

At a change in cross section, the same quantity of fluid must
enter at side A as that which leaves from side B.
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bp g Fp = Pp up Fp
The same applies to the energy:

2 2 2 2 2
E_'A_ + aA = 112 + aB = .a_‘_si (6)
2 K=-1"2 K-1" 2

These two conditions, which must apply to the passage of a wave
through a change in cross section, may be most simply treated with
the aid of a diagram, the so-called characteristics diagram, in vhich
the gas velocity u 1is taken as the abscissa and the velocity of
gound a as the ordinete. The diagram is preferably made dimension-
less by dividing by aj. Individual lines r = congtant and
s = constant, which from equation (2) are straight lines, are entered
in the diagrem. These are the characteristics, because at these lines
discontinuitles may occur, which in the present case are the waves.
Actually, a value of r refers to an ocutflowing wave and a valus of s
to an inflowing wave. Also in the diagram (fig. 4) are curves of con-
stant energy, which according to equation (6) are ellipses, and curves
of constant mass velocity, vwhich are hyperbolas in accordance with the
eguation

2_

ou ca by

= (:—3) + -~ = congtant (7)
Pl 81 a1/ a1

-

The passage of a condensation wave through a polnt of increase
of cross section shall be observed, momentary states of which prccees
before and after the reflection are shown in figure 5. The wave
brings with it the gas state 6§, namely, ag and ug. 1t traverses
state 2, defined by a5 and wup. At the polnt of incre=gse of cross
section, there occurs an increase of pressure to state 3. At the
interaction of the wave with the tube enlargement, there arises from
the wave 6 a wave 4, which proceeds forward, and a reflected wave 5.
The states 6 and 5 are separated, according to figure 5, by an inward-
traveling rarefaction wave and thus lie ¢ a r = constant line in
the a,u diagram; the states 4 and 3 are separated by an outward-
traveling condensation wave and thus 13 on a 8 = congtant line.
States 6 and 3 are known and hence alsy the r- and s-lines on which
states 5 and 4, respectively, lie, States 5 and 4 are separated by
the point of change of cross sgection and thus lie also upon an ellipse.
Furthermore there exists between 5 and 4 a difference of mass velocity
A(pu) determined by the difference in cross section AF in accordance
with

A(pu) = pg ug = o, U,
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and
ps us Fg = pq Uy Fy

in which ¥ 1s the cross~sectional area. Hence
Alpu) = pg ug 28 (8)
Fg

Thus there is only one ellipse on which 5 and 4 may lie, namely, the
one whose pointsg of intersection with the given r- and s-lines have
the prescribed difference of mass velocity. The ellipse must be
found by trial. In figure 6 the reflection is shown in a t,x dia-
gram. The wave reflected 1s a rarefaction wave because 4, a6>'a5
and ug>ug. In the case of a reduction in cross section, the

reflected wave 13 & cendensation wave.

Reflection at the valves.

The valves at tue Iintake end behave like a solid wall, so long
ag there is an exceoss of presgsure ageoingt thelr inner gides. But when
the pressure is less than that outside they are open; in thisg case
reflection occurs as at a parsly open tube end. Inasmuch as the valves
are spring-operated, thelr openings incrcase with decreasing inside
pressure to a maximum area FE determined by their mechanical con-
struction. For the sake of simplicity, this spring action shall be
digregarded and it shall be asgumed that whenever the inside pressure
is less than that outside, the valves are fully open. Let Fp be

the effective cross-sectional area of the openings, in which the
effect of friction and the vena-contracta loss have already been
allowed for. The Bernoulli equation (equation (6)) for uniform flow
may be applied to the flow through the valves on account of their
short flow length. The flow conditions in the valves thus lie in
the a,u diagram along an ellipse that intersects the a-axis (that
is, the line u = 0) at a point corresponding to the value of the
sonic velocity at the stagnation point Oy provided that by a
means of suitable fairing (total head scoop) ahead of all the valves,
the impact pressure corresponding to the speed of flight is made to
operate against their outer gidea. Iet the state of the gas and
condition of motion occurring at the narrowest valve cross section
be denoted by 4. Neglecting the shock loss, it 1s assumed that on
the outflow gide of the valves, that is, the inner side, there is a
uniform distribution of velocity over the tube cross section Fg,
end hence

and




10 NACA T™ No. 1131

Apu) = py Uy - Pz Uz = Py Uy < - ——) (9)

in which 3 denotes the state of the gas and condition of motion in
the tube immediately next to the valves. Because, with the construc-
tion chosen, the cutflow from the valves occurs without any regaining
of pressure, az = a,, and states 3 and 4 lie on a horizontal line
in the a,u diagram. For any mass velocity Pg Uy, the mass
velocity difference A(pu) may be computed from equation (9) because
FE/FR is given by the dimensions of thke tube.

Now if & gas and motion condition 1 exists at the discharge side
of the valves, through which a rarefaction wave travels bringing with
it condition 2 (fig. 7), then a wave will be reflected at the valves
that will produce state 3 at the discharge side and state 4 in the
narrcwvest 1alve cross section. States 1 and 2, becauss they are
geparated by an inward-travseling wave, lie on a r = corssant line
in the a,u diagram (fig. 8); states 2 and 3, being sevarated by an
outward-traveling wave, lie on a s = constant line. The required
conditions 3 and 4 lie on that Lhorizontal straight line on which 3
and 4 will have the mass velocity diffsrence A(pu) prescribed by
equatlion (¢). Tn figure 8 may be seccu four possible caszs of the
reflection, according to the magnitodes of A(pu) and FE/FR. At
a ratio FE/FR in the nsighborhood of unity, to which the states 3l
and 4 in figure 8 correspond, & condensavion wave will be reflected.
Then there is a smaller FE/FR value at which no wave will be
reflected, states 32 and 2 coinciding. At a still smaller FE/FR
value, a rarefaction wave will be reflected, because 53 kas smaller
state values than 2. At a still smaller FE/FR value, there occurs
the limiting case in wkich u = a in the valve cross section (the
flow velocity u equals the velocity of snrund a); this is cordi-
tion 44. The corresponding state 34 is the point of intersection of
the 8 = constant line through 2 with that hyperbola which has the
required increment of mass velocity A(pu) relative to the hyperbola
that passes through 4t and is tangent to the ellipse. In figure 9

the reflection in the third case is shown in a +t,x diagram.
MODE OF OPERATION OF THE JET TUBE AT REST
Cylindrical Tube
The mode of operation of the cylindrical tube is evident from

the wave diagrams in figures 10 and 11, which are drawn for
FE/FR = 0.2 and 0.4, respectively. A part of the excess pressure
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of the column of fresh charge travels toward the right as the conden-
sation shock wave a, which is so small that the change of state in

it may be regarded as adiabatic. The other part travels leftward as

e rarefaction weve; the initlal difference of velocities of sound

Aa = a - 87 = O.l44al (see p. 8) distributes iteelf one-half to

each of the two waves. The rarefaction wave 1s shown as divided into
two elementary waves b and ¢, in order to allow for the lesser
velocity of propagation of later wave elements than that of earlier
ones, A further subdivision proves to be unnecessary. The rarefac-
tion wave is reflected at the left end of the tube as from a solid
wall because the valves are closed. Finally, therefore shock a

and the two waveg b and c¢ are traveling toward the right. The
gtateg of the gas and conditions of motion created by the shock and
the waves are enumerated by the figures in circles, for which the
state values, namely, velocity of sound a/a; and gas velocity u/ay,
may be found in table I. Positive gas velocity signifies velocity
directed toward the right. It may be seen from the table that behind
the last rarefaction wave traveling vo the right, atmospheric condi-
tions are again attained.

At the right-hand or open end of the tube, the shock 1s reflected
a3 a rarofaction wave, which is likewise divided into two elementary
waves d and e. The rarefaction waves are here reflected at the
open end as condensation waves, which soon combline themselves into the
shock h.

The rarefaction wave 4@ creates condition 12, for which table T
shows pressure lower than the outside atmosphere. As soon ag thisg
state reaches the left-hand end of the tube, the valves open and at
the moment Ta fresh charge beglns to flow in. Conseguently, the

finely dotted line reprsessenting propagation of the boundary of the
fresh charge begins here. The intake procegs is strengthened by the
subseguent rarefaction wave e,

Because of the shnck h, which now arrives, the fresh-charge
front is forced not merely to gtop but to reverse its motion, whereby
the fresh charge is compressed. As soon as the shock strikes the
valves, the intake period Is ended and we have at thls moment Ty
a compressed column of fresh charge of the length £" in the tube.
It is assumed that at the moment T the explosion of the column of
fresh charge occurs, so the length " +then attained has the same
significance for the second working cycle as Et! for the first.
Because it turns out that E"<£', it must be concluded that the
Jet tube could only operate if FE/FR>'O.4. The explanation of the
fact that in reality it operates even when FE/FR = 0.2 1lies in
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the choice of prescribed conditions. In spite of thils iInconsistence
with reality, figures 10 and 11 show a number of notewoxrthy partic-
ulars that do correspond to reality.

1. The intake process is get 1in motion by the rarefaction waves d
and e 1into which the condensation shock wave a 1s transformed with-
out loss of strength by its reflection at the right-hand end of the
tube.

2, It appears that the condensation shock wave h, into which
the rarefaction waves b and c¢ are transformed by reflection at the
right-rand end of the tube, plays a part in the ignition of the fresh
charge.

3. At small Fy/Fp ratios of the order of magnitude of 0.3 or
less, the rarefaction waves & and e, vhich start the intake process,
are reflected as the waves 1 and k of the same kind and, In fact,
produce a gas velocity directed toward the left so the working cycle
ends with en inflow at the exhaust end. In actual fact there has been
obgerved with the Argus tube an inflow at the exhaust end preceding
the exhaugt of the next cycle when FE/FR = 0.3,

At FE/FR = 0.4, waves 1 and k no longer set in motion a nega-
tive velocity; only k is a rarefaction wave. It 1s thus to be

expected that, in agreement with the cited observation, at FE/FR3>O.4
this inflow at the exhaust end does not occur.

EFFECTS OF CONSTRUCTIONAL ALTERATIONS
Jet Tube at Rest

Influence of length £', +tube length remaining the same.

The greater ¢', the longer is the path of the rarelaction
waves b and ¢ (figs. 10 and 11), so much later is the shock h
formed from them and so much longer is the intake period Ty - T, and
the duration of the working cycle.

The effect on the duration of the working cycle iz negligible,
amounting to 5 percent. The increased intake period resuits in an
increased quantlty of fresh charge M" at the end of the working
cycle. With an increase of §' from 0.1145 to 0.191, that is, an
increase of 66 percent, there is obtained
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Fp/Fp Increase of M"
(percent)
0.4 20
.6 30
.8 30

Influence of tube length R, absolute length of R' remaining the
game.

In the limiting case of very weak waves, one would expect,
according to the laws of acoustics, an increase in the duration of
the working cycle proportional to R. In this case 1t slowly
increases as much as 5 percent because as R increases the rare-
faction waves b &and c¢ shift nearer to the shock a, thereby:
reducing the extent of the reglions through wvhich the waves d and
e move more slowly.

M" increages with increasing R as follows:

=
=l

Fp/FR M

0
o
)
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92}
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2}
o
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According to this table, the results of lengthening the tube are
favorablie; of course therc 1s, for reasons not here discussed (heat
leakage) a practical limit of about R = 3.5 meters.

Influence of change in valve crogs section Fp.

Figure 12 shows the increage of M" with Increasing FE/FR on
the basis of figures 10 and 1l and similar figures.

Influence of tube shape (tube of varying cross section).

The values ¢' = 1/7 and Fp/Fp = 0.4 were taken as a basis.

The tube forms investigated with discontinuous change of cross section,
in which each change from left to right always amounts to 50 percent
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of the preceding section, are shown in figure 13. Besgide them to the
right are given the tube forms with continuous change of cross section,
to which the investigated stepped forms may be regarded as approxi-
mating. Less accurately than before, a rarefaction wave is now repre-
sented with one instead of two rarefaction lines, for at each change
of cross gection each wave gives rise to two, whereby the investiga-
tion becomes very complicated.

Form A corresponds to the tube already investigated in figure 11,
which is to serve as a basis for comparison.

(a) Reduction of cross section at £' (form B):

The fresh-charge front is assumed to lie a little to the left of
the constriction. This form corresponds approximately to the cylin-
drical Argus tube with enlarged combustion chamber,

The applicable wave diagram ia given in figure 14. As a result
of the congtriction, the ccndensation shock wave a is stronger and
the rarefaction wave b 1is weeker than with form A (fig. 11). Con-
gequently, the rarefaction wave e regulting from the reflection of
a 18 a3tronger than the corresponding wave in figure 1l. The result
is smaller velocities of propagation for the subsegquent condensation
waves f and g and consequently a substantially longer intake
period Tp - T, than in the case of form A, a substantially larger

column of fresh charge being thus érawn in.

In this connection it must be remembered that the returning
waves e, f, and g are weakened at the point of change of cross
section. The fresh charge will therefore be sucked in with a weaker
vacuum than in the case of figure 11. But if the quantity M" newly
drawn in is compsred, it is found that nevertheless

M'p _o.825 _,
M, T 05T T

that 1s, in spite of the weaker suction the intake period is suffi-
ciently lengthened that form B yields a 60-percent increase in charge.

Through the wealening of the subsequent wave of condensation,
the ignition of the new column of fresh charge is made doubtful. Of
course, the condensation shock wave creates a higher absolute pressure
than in form A. It shall not be attempted to decids which is more
decigive for ignition, the absolute pressure or the pressure ratio.

The optimal constriction ig that at which the exhaust occurs with
a veloclty equal to that of sound in the surrounding atmosphere.



NACA TM No. 1131 15

(b) Reduction of cross section at center of tube length (form C):

In figure 15 waves d and e, reflected at the constriction,
cross the returning waves f and g too late to produce as long an
intake poriod Ty -7, as in figure 14. Besides this, there occurs
a 3till smaller pressure drop across the valves, s0 now

Mo 0.7
-ﬁ-”—; = a—i = l-39

the improvement over form A still amcunhts to 39 percent.

The pressure ratio in the coudensation shock wave h, which
produces the ignition, is Just a little smaller than with form B;
however, the absolute value of the compressing pressure is greater.

(¢c) Reduction of cross secticn at exhaust end (form D):

From figures 10 and 11 1t may be sgeen that the automatic opera-
tion of the Jet tube is based on the circumstance that at the open
end a condensation wave is reflected as a rarefaction wave, and a
rarefactlon wave as a condensation wave, namely, at full strength
because at the exhaust end only outflow takes place. Consequently,
the first to strike the valves is the rarefaction wave, which starts
the intake period, after which the igniting coandensation shock
wave h reaches them.

But if now the reduction of cross section ig located at the
exhaust end, this means that there is a half-open tube end at which,
as closer investigntion shows (fig. 8), the condensation wave is
reflected as asuch with legsened strength and lixewise the rarefaction
wave 18 reflected as such with lessened strength. In this case, as
shown in figure 16, the condensation and rarefaction waves strike the
valves in reversed sequence and the tube does not function.

(&) Two reductions of cross section (form E):

Here the lengthening of the intake period determined for forms B
and C is effected by two constrictions of 50 percent each. A longer
intake period 7Ty - T, but a lesser intaxe-producing pressure differ-
ence is thus obtained (fig. 17). Likewise, the pressure ratio in the
igniting condensation shock wave h is the smallest of those for all
tube forms. In practice the absolute compression pressure is of equal
magnitude to that obtained with form C. The newly induced quantity of
fresh charge M"E compares with form A as follows:
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Mz 0.856
M” = b‘f‘gi"— = 1.68

This tube form gives the greatest increase in charge over the simple
tube of form A. This result is not directly comparable with the
regults for forms B and C, because in form E the tube cross section
is reduced by 75 percent but in the other forms only by 50 percent.

(e) Increase of cross section at open end of tube (form F):

The adverge effTect of a rcduction of cross section at the exhaust
end having been shown, the question ariges, whether an increase of
cross section at the end of the tube is desirable.

In figure 18 it may be seen that the first waves traveling to
the right, wvaves a and ¢, are reflected at the point of increase
of cross section with reversed signs as waves d end e and that by
these waves a short invake process and an explosicn are effected, the
fresh charge colunn ¢" Dbeing drvawn in during the period Tgp - T,
and explodcd.

At the open end of the tube, the original waves a and c¢ are
reflected with reversed signs as in the normal case, giving rise to
the rarefaction wave £ and the subssquent condensation wave g.
Although these waves encounter the pressure wave arising from the
ignition of the column of fresh charge §", they likewise effact an
intake process and an explosion, the fresh charge column §''! Dbeing
drawn in during the period TA to Tﬁ .

Thus the remarkable circumstance exists that during one working
crcle of the tube, intake and explosion occur twice., Comparing the
intake quantities M" and M'!'' contained in the columns of fresh
charge ¢" and ¢''' with the normal case of the cylindrical tube in
figure 11, it is found that during the first period, Tp to Tp,

45 percent less 1s drawn in but in the second period, TA to Tﬁ’

40 percent more is drawn in; the charge is therefore almogt doubled
by this increcase in the cross section. Of course the doubled fre-
guency of opening of the valves must be regarded as unfavorable to
their length of life.
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INVESTIGATION OF A STREAMLINED TUBE
(Argus VSR 9z, Drawings II 11039 and II 11036)

This tube has a form selected as aerodynamically advantageous.
Its realization was very earnestly desired as a means of reducing the
air resistance, which with the cylindrical Jjet tube is excessive. It
will be shown that from a gas-dynamic aspsct, the ability of this
clgar-shaped tube to opsrate is very doubtful. Tests have meanwhile
confirmed this: The tube proved 1teelf incapable of operation on the
test stand. The Investigation of this tube affords a practical
application of the arguments set forth.

In accordance with the method of substituting discontinuous for
continuous changes, the longitudinal cross section of the tube is
approximated by a step-curve with three steps. At each step the ratio
of the smaller to the larger cross section is 0.63.

Because it is a question of an aporoximation, there remains a
certain leeway ss to how ths real form shall be approximated by the
step-curve. For practical reasons, ivwo step-curves representing two
extremes were chogen; one (figs. 19 and 20) in which the step-curve
lies on the outside of the real shape; and another (fig. 21) in which
it lies inside the real shape.

With these two step-curves two limlting cases between which the
real shape lies may be lnvestiguted. The investigation of the
limiting cases has this advantage, that from their different gas-
dynamic behavior, it can be deduced how the given streamline form may
be improved by slight alterations. This process is particularly
facilitated by figure 22, vhere for each step-curve a mean continuons
curve is given, between which the actual shape lies. The investigation
will show which of these limiting continuous curves must be approached
in order to improve the gas dynamics of the streamlined tube as far
ag possible, or, for that matter, to make the streamlined tube operable
at all, because 1t should be pointed out at once that the operability
of the streamlined form as given is open to doubt because of the marked
constriction at the end of the tube.

In order to make possible a comparison between this investigation
and the results obtained earlier for the cylindrilcal tube of figure 11,
the ratio of the effective inlet cross-gectional area to the tube cross-
sectional area at the valve plate shall be disregarded and as the paran-
eter the ratio of the effective inlet cross-sectlional area to the maxi-
mum cross-gsectional area of the tube, namely, FE/FR = 0.4, shall be

taken., As the initial condition at the beginning of the working
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cycle, it is again assumed that the tube is charged for 1/7 of’ its
length with fresh charge, which is under an initial pressure of
2.5 times atmospheric pressure, corresponding to a ratio of sonic
velocities of 1.144.

In order to keep the investigation from becoming unduly compli-
cated, in figures 19 and 21 each rarefaction wave will again be
represented bty a single rarefaction line. In figure 2C the rare-
faction waves for the case corresponding to figure 19 are shown in
better approximation by means of two lines, as a check on whether the
approximation by one line is sufficilently exact.

Let the gtep-curve shown in figure 19 now be investigated. Here
the last abrupt change in cross section takes place at the end of the
tube. The condensatlion shock wave in passing through the changes of
cross gection gives rise to condensation waves traveling in the oppo-
gite direction; at the same time 1t is so strengthened that the gas
leaves the tube with a pressure greater than atmospheric and at the
velocity of sound (conditicn 8).

The conditions at the end of the tube are now such that for all
practical purposes the condensation shock wave is not reflected at
all. This is of serious congeguence for the operation of the tube
because the automatic operation of the tube depends directly on the
reflection of the condensation shock wave from the end of the tube as
a rarefaction wave and on the opening of the inlet valves by this
returning rarefaction wave, 3 this reflected rarefaction wave is
now lacking, the valves are not opened at all and the tube thus cannot
function.

Similar considerations apply to the subsequent rarefaction wave c.
It is rerlected ag a rarefaction wave at the changes cf cross section
within the tube, simultaneously strengthened by envry into the narrower
sections of the tube, and not reflected at the open end of the tube so
the reflected condensation wave, which in its return would ignite the
new charge, likewise does not arise.

The waves reflected at the changes in cross section within the
tube are also not capable of maintaining the automatic opsration of
the tube, for the waves reflected are always of opposite gign to those
required for operation, that is, a rarefaction wave insgtead of a
condensation wave and vice versa. Furthermore, the reflected waves
eventually so overtake each other and cancel that after only one cycle
of reverberation the atmospheric condition of rest is restored.
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By means of figure 20, it is now inquired vhether this negative
result is due to the rough approximstion of the rarefaction wave by
a single rarefaction line b. In figure 20 therefore, the rare-
faction wave is represented more exactly by means of two rarefaction
lines, as originally done for the cylindrical tube. This subdivision
certainly has no influence on the condensation shock wave a and it
is therefore exactly as in figure 19, reflscted at the exhaust end
of the tube not as the required rarefaction wave but as a very weak
condensation wave, which in practice may be disregarded.

Now it could be possible that by reflection at the intermediate
changes of cross section, wvaves might arise that would support the
automatic operation of the tube. It 1s found, however, that even
with thls more accurete representation the reflected waves d to 1
create no subatmospheric pressure at the intake and consequently the
valves are not opensd. The lowest pressure thab occurs at the inlet
end is that of the atmosphere, exactly as in Tfigure 19; the two
figures likewige agree in respect to maximum pressure. The simplified
conception of the form of the rarefaction wave 1s therefors not the
cauge of the negative result.

The investigation of the second step-curve is illustrated in
figure 21. At the exhaust end there is not a point of choking but a
cylindrical portion of the tube; the individual drops in cross section
are shifted toward the left as compared to the first step-curve. The
investigation gives signiflcantlyv better results in this case. The
condensation shock is again strengthened in passing through the drops
in cross section and now, because the exhaust portion of the tube 1s
cylindrical, it is reflected as a rarelaction wave. The strengthening
of the condensation shock wave in passing through the drops in cross
section produces a strong reflected rarefaction wave and an outward
flow of the gas from the tube at the velocity of sound. This reflected
rarefaction wave, due to its gtrength, produces upon arrival at the
inlet end a strong intake action having a gas velocity of 0.2 and a
subatmospheric presgure corresponding to a velocity of sound equal
to 0.976 (condition 39, table VIII). A comparison with the cylindri-
cal tube shows that the corrssponding values for the cylindrical tube
are: gas velocity, 0.34; velccity of sound, 0.924. The intake condi-
tions for the second step-curve are therefore less favorable than for
the cylindrical tube.

The subseguent rarefaction wave c, being likewise strengthened
at the drops in cross section, is reflected as a relatively strong
condensation wave 1 from the exhaust end of the tube; but the strength
of this wave 1s disadvantageous here, as 1ta strength involves a high
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velocity of propagation and consequently it does not arrive at the
intake area late enough alter the rarefaction wave to allow enough
fresh charge to be drawn in. Because of this, in comparison with

the cylindrical tube only 74 percent as great a quantity of fresh

charge is drawn in.

The waves reflected from the polints of change of cross section,
as these points are encountered by the original waves a and c,
exhibit no effect upon the mode of cperation of the tube, because
they cancel each other rather quickly certainly before the rarefaction
wave arising frcm the reflection of the condengation shock wave at the
tube mouth passes back through the constrictions.

The step~curves may be regarded as approximations of mean curves
that depart somewhat from the given longitudinal section: the one
curve (outer step-curve) in the sease that it ls more rounded-in at
the exhaust end; the other curve (inner step-curve) in the sense that
it is more elongated and cylindrical at the exhaust end. These mean
curves are compared with the actual tube form in figure 22, On the
basis of the results obtained, the more rounded-in form must be con-
sidered out of the question. With this form the automatic operation
of the tube must be considercd impossible. The more nearly cylindrical
form ought to be operable, especially in flight, where the intake
conditions are more favorable then in the stationary test setup that
hraa besn congidered.

In any case the comparison of tne three tube forms shown in fig-
ure 22 shows how sensitive is the automatic operation of the tube to
the influence of the shape of its exhaust end, because the exhaust
ends of the three shapes actually differ relatively little. Ungues-
tionably, the end of the tube must be as cylindrical in Torm as
possible. In other words, it may also be sald that although the
cigar-shaped streamlined form shows itself in tests to be unsuitable
for automatic tube operation, it may be improved by slight changes at
the exhaust end of the tube, such as by the addition of a cylindrical
portion to the tube; of course, a gradual transition from cigar to
cylinder shape must be provided.

MODE OF OPERATION OF JET TUBE IN FLIGHT

General considerations.

In the cagse of the tube in flight, the simplified consideration
in terms of adiagbatic processes need be modified by only one new condi-
tion, namely, that the outaside pressure on the inlet valves is the
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impact pressure. It is presupposed that the full effect of the
impact pressure is directed against all valves by suitable fairing

_(total head scoop).

The impect pressure is computed from the Bernoulli equation for
& compresgible flow

a
K

= 0o
@ o

uZ a
+ - ———

17 2 T R-1

in which ag = velocity of souni at stagnation point and a; = veloc-
ity of sound in the undisturbed atmosphere. As hefors, all velocities
are made dimensionless by dividing by the velocity of sound aj. Be
it particularly noted thet a; refers not to ground level but to the
altitude of flight at the moment in question.

A further assvmptlon is that even uader the full effect of the
impact pressure, the valves maintain gas-tight closure and that, upon
the arrival of the reflected rarefaction wave at the inlet end of the
tube, they at once completely open. This assumption does not exactly
correspond to the facts because the valve flaps must be held forward
with spring pressure in order to remain closed against the force of
the impact pressure. Hence, they will be opened by the wave of lower
pressure only so wide as corregponds to the additional load imposed
by the lower pressure, whick at various flight speeds will naturally
vary in proportion to the impact pressure. The investigation of this
influence of the atrength of the valve gprings on the opening of the
valves, however, will be postponed until later.

In treating the wave reflection at the valves, it must be noted

that the velocity of sound of the stagnation point ag and not that

of the atmosphere a7 now applies to the ellipse in figure 8 u = O.

Influence of flight gpeed on amount of charge.

The investigation will be carried out for

P F
£ = 0.2 and _E = 0.4
Fg Fg

again with §{' = 1/7 and a'fa; = 1.144. -
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The individual wave diagrams, which were drawn for flight speeds
of 0.3, 0.45, 0.55, 0.78, and 1.00 times the velocity of sound, are
not given in the appendix; simply the results in figures 23 and 24
are given, first as the ratio of the quantity of fresh charge M"
newly drawn in to the gquantity M' originally present plotted
against flight speed and then as the ratio of M" at the given
flight speed to the quantity Mj corresponding to zero flight

speed plotted againsgt flight speed.

As the impact pressure increases, a noint is reached at which
the gas velocity in the valve cross section Fp 1is equal to the
gpead of sound. With a further increase in impact pressure this
critical state persists, because with the chosen valve construction
no supersonic speed can arise. Nevertheless the gquantity of inflowing
gas continues to increase hecause at a pressure ratio above the crit-
ical the ges quantity aepends solely on the state of the gas on the
pressure side of the valves. Thus, rarefaction waves arriving from
the open end of the tube and striking the valves after the critical
condition has been reached have no further effect on the quantity
of gas flowing in.

The pregentation of the results Iin figures 23 and 24 shows that
with increasing flight sveed the quantity of new charge flowing in
increases slowly at first and then more and more markedly. Figure 23
algo shows the obvious fact that with FE/FR = 0.4 the inflow is
consistently greater than with FE/FR = 0.2, In the termg of fig-
ure 24, the percentage increase is the same whether FE/FR = 0.2 or
0.4,

Influence of leakiness of valves.

Figure 10 shows that when FE/FR = 0.2, the minimum pressure
occurring at the inner side of the valves corresponds to the ratio
a/al = 0.896. The pressure corresponding to this is
2K/ (k-1)

2 = 0.464; that is, the ratio of the absolute pressure

—

1
to the atmospheric pressure. The pregsure difference at the valves
amounts thus to 54 percent of the atmospheric pressure,

On the other hand, for a tube flying at 0.64 of the velocity of
sound, the ratio of impact pressure to atmospheric pressure = 1.32.
Now it has been seen from the preceding investigations that atmoaspheric
pressure 1s attained behind the pressure wave as 1t travels out of the
tube. Boetween the explosion and the subsequent intake there is atmos-
pheric pressure on the inner side of the valves, so that a pressure
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difference at the valves of 32 percent of atmospheric pressure then
exists., During the intake period, a maximum pressure difference
of 54 + 32 = 86 percent of atmospheric pressure exists.

The fixed tube and the tube in flight shall now be compared
under equal avmospheric conditions. If at regt, the wvalves open to
the degres FE/FR = 0.2 at the maximum, that 1s 54 percent pres-
sure difference; then in flight they open at the same low pressure
approximately to the degree FE/FR = 0.2 %% = 0.32. During the
interval in which atmcgpheric pressure exists on the inner side of
the valves at rest, the valves are closed but in flight they are

open approximately to the degree FE/FR = 0.2 8'22 = 0.12. This
opening is designated the leakiness. Relative to the maximum open-
ing 1t amounts to %L%g = 37 percent.

It is thas seen that at sufficiently high flight speeds, the
valves are constantly open excephting of ccurse at the time of explo=-
gion. It shall now be investigated how the Jet tube reacts to this
condition.

Inasmuch as no exact data on valve openlng exist, the effects
of a leakiness of 50 percent and of 100 percent shall be investigated
with the assumptions of maximum attained valve opening FE/FR = 0.2

and flight speed of 0.64 of the velocity of sound.

The investigation is made by means of figures 25 and 26. The
only differernce from the earlier case shown in figure 10 is that
from the instant T', when the outward traveling rareraction wave
leaves the valves, fresh charge begins to flow in through a cross-
sectional area AFp/Fp = 0.1 (fig. 25) or 0.2 (fig. 26). The
boundary of the inflowing fresh charge is again shown by a finely
dotted line. TFor the succeeding intake period it 1a assumed that
the mechanical limit to the valve-opening area is FE/FR = 0.2 and
that it is attained. In reality, of course, the opening area depends
upon the pressure head, which varies during the intake period; it
would scarcely be worth the effort, however, to take account of the
congequent alteration from moment to moment of the effective inlet
area.

If the cageg of figures 25 and 26 are compared as to the gquan-
tities of fresh charge available for the gecond working cycle, that
is, the guantities present at the moment Tp, flgure 27 is obtained,
which shows the increase with Increasing leakiness. From this figure
1t can be seen that the increase of the gquantity of fresh charge duse
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to a slight leakiness of the valves is quite advantageous but that
greater leakiness results in a too great increase in the charge, in
the sense that a sufficiently repid spread of ignition throughout
the gas becomes doubtful and also that too great a cooling of the
tube may be expected.

In order to evaluate the operability of the tube with valve
leskiness, the strength of the returning wave must be considered.
The investigation shows that the leakiness does not affect the low
pressure created at the valves by the returning rareraction wave,
the suction effect thus remaining the same but that the returning
condensation shock wave is somewhat weakened. The decrease of the
pressure ratio (ratio of pressure after to pressure before the shock)
produced by the compression shock wave is shown in figure 28. The
reagon for this effect is, that wvhereas the outward-traveling con-
densation shock wave a 1s unaffectsd, consequently the rarefaction
waves d and e ariging from it by reflection are unaffected; on
the other hand, the outward traveling rarefaction waves b and o,
and also the condensation shocik wave f arising from them by refiec-
tion, are weaker because the gas condition 7 behind the outward trav-
eling wave possesses a higher pressure than it would at zero leakiness.
The decrease of the pressurc ratio in the shock wave f 1is 20 percent
at 100 percent leakiness, according to figure 28.

Furthermore, it is found that the rarefaction waves g and h
reflected from the valves bhecome stronger with increasing leakiness
withovt, however, giving rise to any negative gas velocities (that
is, inflow at the exhaust end near the end of the working cycle).

A limited leakiness has an advantageous effect inasmuch as it
increases the weight of new charge induced and only slightly affects
the waves., Greater leakiness results in a weakening of the returning
compression shock and therefore has an unfavorable effect on the igni-
tion, as does alsgo the cooling of the tube and the less rapid spread
of ignition throughout a larger as compared to a smaller guantity of
fresh charge.

INFLUZBNCE OF COMBUSTION PRESSURE

Although the influence of the combustion pressure ig of less
practical significance because its magnitude cannot be predetermined,
for instance by the choice of fuels, it 1s nevertheless of interest
inesmuchk as according to the research of Busemann (reference 5) the
best yield of work from a thermodynamic viewpoint is gecured from a
Jet tube with combustion at constant volume and the question arises,
whether the Jet tube 1s operable with this kind of combustion.
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Combustion at congtant volume is characterized by a higher com-~
bustion pressure than noxmally occurs in the pulse-jet tube. It will
therefore be possible to decideg the question approximately by inves-
tigating the influence of the 6ombustlon pressure.

The results of the investigation are shown in figure 29.
According to this fignrc, the degree of charge and the pressure
ratio in the reflected compresgion shock at first increases with
increasing combustion pressure p then reaches a maximum in the
neighborhood of which the curves are level and thereafter decrease,
80 at too high a combustion pregsure, in this case namely at
p/pl=>7 the operability of the tube becomes questionable.

The reason 1s that with increasing combustion pressure a point
18 reached at which the exhaust flow reaches the wvelocity of gound
and beyond that point the outward-traveling explosion wave is no
longer reflected at full strength as a rarefaction wave because the
reflected wave has zero net velocity of propagation against the gas
flowing out with the velocity of sound. This reflected wave remains
at the mouth of the tube and iz only disposed of by the subsequent
arrival of the rarefection waves b and ¢, as a result of which
these waves are In part reflected as rarefaction waves and not con-
densation waves as they should be; conseguently the reflected com-
pression shock is weaker.

From equation (1), the combustion pressure at which the exhaust
will reach the gspeed of gound can easily be computed. The sound
velocity attained at the exhaust end lg then that of the surrounding
atmosphere. Letting a be the sound veloclty corresponding to the
combustion pressure, then on the one hand

Aa:av-al

on the other hand

and therefore

-1
av=—é———a1+al=lzal
a.
—~ = 1.2
ay

or
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But the pressure occurring In the Jet tube is actually p/p1 = 2.5.

INFIUENCE OF TUBE FORM ON VARTATION OF PRESSURE WITH

TIME AT VARIOUS TUBE CROSS SECTIONS

In order to make a comparison with measurements of the sequence
of pressures taken through tapz in the tube walls, the theoretical
gsequences of pressures at the points £ = 0.4 and ¢ = 0.6, that is
at distances of 0.4 and 0.6 of the tube length from the inlet end,
were derived from the wave dizgrams of figures 11, 14, and 15, corre-
sponding to the tube forms A, B, and C of figure 13. The results are
showvn in figures 30, 31, and 32 for one wvorking cycle. Thege figures
show the ratio of tube pressuroe to atmoaspheric pressure Py plobtted
againat dimensionless time T. The arrows above the waves indicate
their direction of propagation in the tube.

In ccmpering the cylindricel tube, form A (fig. 30), with that
having the enlargsd combustion charber, form B (fig. 31), 1t is note-
worthy that the pressure varies lessg widely for form B than for form A.
This fact had been observed in the experimental measurements and had
then led to the cpinicn that a lsss vigorcus combustlon took place in
form B. PBut it is now apparent that the cauge lies entirely in the
tube form. As to form C, figurs 32 shows that a constriction half-way
along the tube gives rise to additional pressure peaks. In this case,
the outward~traveling =nd inward-traveling waves are not separated by
a time interval as in tne preceding tube forms, a circumstance that
makes the evaluation of experimentel measurements more difficult.
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TABLE I
STATE VALUES FOR FIGURES 10 AND 1l
Fgp/fg = 0.2 FEﬁb = 0.4
Num- a/al u/nq Mum- | afay | u/ey
per ! ser
1 !1.000 | O 1 11,000 | O
2 | 1.072 .36 2 | 1.072 .36
3 | 1.036 .18 5 | 1.036 .18
4 11,124 |0 4 | 1,124 | 0
5 |1.108 .18 5 | 1.108 .1e
6 '1.072 |0 6 {1.072 | O
7 1 1.0%6 .54 7 | 1.036 .54
8 {1.0720 72 8 | 1.000 .72
9 |1.700 | .35 9 | 1.000 .36
10 ! Los4 .54 10 .94 .54
11 | 1.000 .36 11 { 1.000 .26
12 .264 .18 12 .964 .18
13 .928 .58 13 .928 .36
14 .964 .18 14 .964 .18
15 .954 13 15 | .g70 .21
15 .o1e 3L 16 .93 .39
17 .95 | .20 17 .922 .34
18 .90 | -.05 12 | 1.006 .03
19 .9c8 | -.16 13 | .993 .02
20 .954 .37 20 | .e70 .52
| 21 910 | .90t 2 .922 .35

1131
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TABLE II - STATE VALUES FOR FIGURE 14

Form B
Tum- a/a1 u/a1 Num- a/al u/al
ber ber .
1 1 0 14 0.911 0,445
2 1.144 0 15 . 960 .200
3 1.08¢ . 445 1 .928 330
4 1,103 . 205 1 . 954 . 230
5 1.062 0 18 . 952 .255
6 1.042 . 100 ig 1.007 017
7 1.04 .200 20 1.007 035
3 .951L ,845 2l 1.017 .085
9 1 L.£90
10 1 . 400
11 1.022 0
12 1.015 035
13 1.01% .70

TABLE ITI - STATE VALUES FOR FIGURES 15 AND 16

Form C Form D
Num-- a/al u/al Lum- m/al u/al Num- a/al
ber bgy_#_‘ ber ]
101 0 14 | D.531 |0.885 1 |1
2 |1.1424 10 15 .970 i .180 2 | 1.144
3z | 1.072 L3360 18 .954 .230 311,072
4 |1.102 .210 17 | 1.018 .0%0 4 | 1.080
5 |1.088 L440 18 | 1,049 ! .245 5 |1
6 {1 .880 19 |1 . 180 5 11,008
7 | 1,030 |-.150 20 | 1,031 | .335
8 11,060 |0 21 |1 L 490
9 .o12 .440 22 L 989 .32
10 {1 .300 23 .902 .090
11 .954 .230 24 .951 | .245
12 .930 | .530 ! 25 | 1.012 .060
15 | .984 ) .380 || 28 |1 .018 ||
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1

ATE VALUES FOR FIGURE 17
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TABLE V - STATE VALUES FOR FIGURE 18
Form F
Num- afay u/ql N dum- a/al u/ag
ber ber
1 1.000 0 12 0.484 -0,08
2 1.144 0 13 . 956 .20
3 1.072 .36 14 .998 -.01
4 1.03 .57 15 .914 .41
5 1.054 .27 16 1.070 35
e 1.000 .04 17 . 986 <17
T 1.000 .54 18 1.070 .35
8 . 946 .27 19 .918 .42
9 .966 21 20 .908 .39
10 .916 A2 21 992 -.03
11 . 930 .18
TABLE VI - STATE VALULS FOR FIGIRE
yum— w/al u/al
ver
1 1 0
2 1.144 0
3 1.072 .36
4 1.094 .25
5 1.034 420
6 1.11 .29
7 1,096 .43
8 1.022 | 1.622
9 1.026 i -.13
10 1.022 -.11
11 1.044 0
12 1.022 .11
13 1.02 ~-.1
14 1.02 ~.16
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TABLE VII - 3TATE VALUES FCR FIGURE 20

Tum- a /'9- i u/a:L [} Wum- a/’a u/m
; 1 1
ber | l per
| 1] 1.000 0 Il 2c | o.c98 | c.02
2 1 1,244 | O 30 | 1.c26 | -.15
3 | 1.072 .33 21 1 1.010 | -.05
4 | 1,108 180 T2 .85 | -.07
5 | 1.000 | 0O Tz .982 .09
6 | 1.036 .18 54 11,008 § -.04
7 | L.094 .25 35 | 1.008 | -.06
3 | 1.084 .42 352 .g98 | -.01
g | 1.110 .23 27 1 .g984 .08
10 | 1.085 LAR z3 | .sac .07
11 | 1.1C2 A5 39 .938 .0P
12 | 1.c88 .07 40 .233 .06
12 | 1.044 L14 41 | 1.C30 .07
14 | 1.044 ' .22 || 42 | 1.022 J11
15 | 1.070 090 a3 10,042 .01
16 | 1.054 J17 bo2s 1,030 07
17 | 1.084 .27 j[ 45 | 1.022 11
18 | 1.033 .36 ;46 | 1,006 s,
1e | 1.022 | 1.022 |1 47 j1.028 | -.06
20 | 1.000 65 1l 48 1,01 [0
21 | 1.022 | .12 il a9 |1.008 | .04
22 | 1.008 | -.0a I =0 |1.02¢ | -.10
23 1 1,020 | -.14 51 ] 1.008 | -.04
| 24 ] 1.020 | -.16 ) 52 | 1.028 .Ge
25 | 1,004 | -.08 P 83 {1.02 .10
26 .S64 | -,03 I 54 |1.008 .04
27 .980 04 55 .988 .06
26 .9ed .11
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TABLE VIIT

~ STATE VALUES FOR FIGURE 21

x
yum~! a/al w/a, | - a/al u/al
per ber
1 1.1.44 ¢ 22 1.020 | ~-0.10
z 1.072 .36 23 1.0C4 .02
3 1.094 S ' 24 .954 .23
4 1.084 AT ! 25 .944 .40
5 1.110 289 25 1.012 .08
6 1.096 .48 27 1,002 11
7 1.128 .32 28 .990 .05
8 1.110 .55 z9 .590 .09
9 1.C00 1.10 30 .986 07
10 .890 . Hb 31 1.000 .14
11 1.032 -.1 32 1.014 07
12 1.026 -.13 33 .904 .62
13 1.022 -, 11 54 .93z od
14 1.022 .11 35 .96Z .27
15 1.028 3 a5 1.0C0 .08
16 1.028 .13 3 .968 .16
17 | 1.260 | .13 zg | 1,008 .04
18 1.025 -.15 29 G76 .20
19 1.004 .07 4 .992 .C4
20 1.020 ~-.15 41 L9672 .06
21 . 994 - .03 42 ! 1.144 0

33
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TABLE TX - STATE VALUES

For Figure 25 For Figure 26
Num- a,."al u/al ’ ?\,Tumu a/al u./a1
ber ner

11 0 111 0

2, 1.144 | © 2 1 1.124 10

3 1 1.108 .18 3§ 1.108@ .18

4 11072 )0 4 1077 | 0

5 1.0z .38 5 | 1.072 .36

6 | 1.036 .18 5 | 1.036 .18

7 | 1.01 .05 7 | 1.024 .12

2 | 1.033 5 8 | 1..0%6 Y

o | 1 72 9 |1 .72

10 | 1 .36 i 10 g1 .36

11 964 .54 11 .964 .54

12 13 .36 12 |1 .36

3 .974 .23 13 .588 .30

14 .938 .41 14 .352 .48

15 L9074 .23 4| 15 .958 .30

10 .S64 .18 16 L9684 .18

17 .920 JSE 17 .928 .36

18 .cc4 .24 13 .204 .24

19 L9688 | -.07 9 952 | O

20 .990 .05 20 976 .12

21 | 1 1) o2 it i .24
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Fig.
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Fuel-spray valves

inlet end Exhaust end

Figure {. -~ Schematic diagram of a jet tube.
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Figure 2. - Graphic representation of a timetable in the t,x
diagram,
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wave diagram

Figure 3. - Wave propagation in t,x plane. The form at two
moments t, and t, of wave approximately represented by in-—

dividual wave elements.
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S=constant

= constant

QU:con stant

'=constant

CU=constant

Figure 4. - Passage of a wave through change in cross
section as represented in a,u diagram.
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Figure 5. — Passage of a wave through change in cross section.

Momentary states.

1
—X
]
. - L
Figure 6. -~ Passage of a wave through change in cross section

as represented in t,x diagram.
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T T

Figure 7. - Reflection of rarefraction wave at inlet valves.
Momentary states before and after reflection.
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Fig. B

Figure 8. - Reflection of a rarefaction wave at

inlet valves,
Determination of reflected wave

in a,u diagram,
Four cases:

Large valve cross section, reflection of condensation wave 3!

Smaller valve cross section, no reflection because 32 = 2

Still smallier valve cross section, reflectlon of rarefaction
wave 3

Still smaller valve cross section, reflection of rarefaction
wave 34 and flow through valves at velocity of sound
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Figure 9. - Reflection expressed in t,x diagram. (To accom-

pany figs. 7 and 8.)
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Figure 10. - wave propagation in jet tube. FE/FR = 0.2.
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Figure Il. - Wave propagation in jet tube. Fg/Fg = 0.4
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Figure 12. - Ratio of quantity of newly induced charge to
quant ity originally present as fTunction of FE/FR in
stattonary jet tube.
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Figure I3. - Tube forms investigated. From left to right

each smaller cross section is 50 percent of the preceding
one.
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FE/Fg =

in jet tube.
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Figure |6, - wave propagation in the jet tube. Fe/Fp = 0.4;
form D.
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Figure 18. - wave propagation in the jet tube.
form F.

Fe/Fgp = 0.4;
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Figure 19. - Wave propagation in the Argus VSR9z jet tube.
FE/Fp = 0.4.
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Figure 20. - wave propagation
Fg/Fgr = 0.4.

({Closer approximation than

[ Actual form
Approximated form

for computation

in the Argus VSR9z jet tube.
in fig. 19.)
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Figure 21. - Wave propagation in the Argus VSR9zZ jet tube.
FE/FR = 0-4.
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Figure 23, - Ratio of newly indrawn quantity of fresh

M"Y to quantity originally present M! as function of
speed wu.
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Figure 24, - Ratio of newl indrawn quantity of fresh charge
M" to indrawn quantity Mé when u = 0 as function of flight

speed u.,
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Figure 25. -~ wave propagation in jet tube in the case of
leakiness in the valves. Fg/Fp = 0.2; leakiness 50 percent,

that is AFg/Fp = 0.1; flight speed = 0.64 of velocity of
sound.
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Figure 26. - wave propagation in jet tube in the case of
leakiness in the valves. Fe/Fp = 0.2, leakiness, |00 per-
cent, that is AFE/FR = 0.2; flight speed = 0.64 of velocity
of sound.
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Figure 27. -~ Ratioc of quantity of newly indrawn gas M" to
quantity drawn in with zero leakiness M" plotted against
leakiness in percentage of fully opened valve cross sec-

tion FE/FR = 0.2. Flight speed = 0.64 of velocity of
sound.
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Fig. 28
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Figure 28. - Pressure ratio in returning (igniting) compres-

sion shock f plotted against leakiness.
as in fig. 27.)

(Same conditions
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Pressure ratio P3/Po in reflected shock 3 (pz before

and Po after the shock) plotted against combustion
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Ratio of newly indrawn quantity of fresh charge M" to
quantity originally present M' plotted against combustion
pressure,

Figure 29, - |nfluence of combustion pressure p.
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Figure 30. - variation of pressure with time at cross sec-
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Figure 31, - variation of pressure with time at cross sec~
tions., £ = 0.4; E = 0.6; form B. (See fig. 13.)
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NACA T™ No. 1131

GAS-DYNAMIC INVESTIGATIONS OF TEE PULSE-JET TUBE

PART IX

SUMMARY

This investigation will account for the Important practical
obgervation made by Paul Schmidt that the ratio of the effective
valve cross-gsectional area to the tube crogs section may not bhe of
any random magnitude and will explain why at too great flight speeds
the Jjet tube ceases to operate. Chemical and thermodynamic processes
(for example, constituents or mode of fuel-air-mixture formation or
heat losses) are unimportant in this regard.

INTROTUCTION

In Part I the Jjet tube wasg investigated using the simplest
possible assurption as to the initial condition, namely, that a
compregased colum of fresh charge suddenly expands. The simplifi-
cation thus obtained permitted an elementary lnsight into the non-
uniform gas motion, even in noncylindrical tubes. The investigation
attributed the setting-off of the explosion to a compregsion shock
wave reflected from the end of the tube and it was useful in that
it enabled a prediction as to which tube forms that were aerodynam-
ically desirable would also be capable of operating. It was shown
that in tubes tavering toward the rear, the end portion of the tube
must be cylindrical.

The investigations of Beckert and Sauer are based on very
gimilar simplified initial conditions.

But the combustion does not take place svddenly; 1nstead, it
extends over a rather large part of the working cycle. The conse~
quent variation of pressure with time will be investigated in the
cylindrical tube. Because nothing is known of the combustion as a
function of the condition values, an experimentally determined value
ghall be used for the increase of pressure duse to combustion; and the
simplified assumption ghall be made that the change of state takes
place adiabatically and simultansously along the whole column of
fresh charge. This aggumption presupposes combugtion taking place
in that manner. In actual fact, the combustion takes place not
golely from the end cross section of the column of fresh charge but
from the outside inwardly along its whole length due to the continu-
oug presence of burning remnants of the previous charge.
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Accordingly for the purposes of this investigation, the only
effect of the fuel is the production of a change of state of the
fresh charge. The influence of its mass upon the motion will be
neglected.

Tre exhaust gases are assumed to have the same spscific heats
ags the fresh charge and their state ig assumed to lie on the game
adiabatic curve as that of the fresh chargse.

Thege assumptions imply that in the jet tube a homogeneous gas
initially exists throughout under uniform pressure, uron which,
confined in a limited space, an adiabatic change of condition is
externally imposed.

Comparison with Paul Schmidtv's experimental results will show
whether a gas flow corresponding to reality arises under the premises
thus assumed.

Tnis investigation will be carried out using the Riemann theory
of nonuniform gas flow, according to which the gas flow is determined
by the propagation of pressure waves. The propagation will be graph-
ically represented in a time-distance diagram. The method of approx-
imation (reference 1) to be used for this purpose has been described
in Part I and here is assumed to be familiar.

GAS FLOW DURING AN EXTERNALLY CAUSED CHANGE OF PRESSURE

With an increase of pressure in the column of fresh charge there
ariges a pressure difference as compared tec the exhaust gases adjoin-
ing the rear face of this column. This pressure difference results in
a movement of expansion, which is transmitted to the exhaust-gas column
as condensation waves and to the fresh-charge column as rarefaction
waves, in the manner indicated in the time~distance diagram of fig-
ure 1'. The agssumptions that the change of state is isentropic and
that the entropies of fresh charge and exhaust gases ars the same lead
to the further agsumption that these waves are produced in pairs con-
gisting of a condensation wave and a rarefaction wave of equal strength.

With this method of approximation, only a few of the continuous
geries of waves that are trangmitted shall be followed; also as an
approximation, congtant gas and sound velocities between them shall
be assumed. Likewise, the continuous sxternally imposed increase in
pressure will be approximated by separatc small jumpa, the position
and magnitude of which will be determined by the experimentally
observed sequence of pressure variations. It is assumed thet these
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abrupt chenges take place simultaneously throughout the whole column
of fresh charge. They are repregsented in figure 1' by solid hori-
zontal lines.

With the definition of the manner which the externally imposed
pressure varies with time, the simplest premlses possible for its
variation with the distance x ghall be defined. TLet the imposed
pressure change be taken as uniform throughout the column of fresh
charge. It 1s then obvious that this change will have no direct
effect on the motion of the gas but only a later indirect effect
caused by the successively generated waves that are transmitted from
the end of the column of fresh charge., Pregsure variations corre-
gponding to the already existing waves remain; the waves do not
change in strength but do change their rate of propagation hecause
of the change in the vaslocity of sound.

In order to conduct the investigation, the relation is required
between the change in ga3 veloclity Au and the change in velocity
of sound Aa resulting from the wave

2
Au = % K—:_-—lAa

and the expression for the velocity of propagation of a wave
W =28 +u

The upper sign applies to a wave traveling in the +x direction; the
lower, to one traveling in the -x direction.

COMPUTATION OF GAS MOVEMENT DUE TO GIVEN RISE IN
PRESSURE IN COLUMN OF FRESH CHARGE

From pregsure measurements on Jjet tubes, it is found that the
pressure rise during combustion corresponds, for the purposes of
this investigation, to an increase in the sonic velocity Aa=0.04a1
in 1/15 the time required for a wave to traverse the Jjet tube with
a sonic velocity a; of the atmosphere at rest. On this basis, the
rige to the normal value of 2.5 times atmospheric pregsure requires
an interval of about 1/5 of the working cycle.

According to the observations of Peaul Schmidt, the column of
fresh charge extends for 1/7 the tube length. At the beginning of
the first working cycle, the fresh-charge column is allowed to
expand. ILet the gquantity of charge distributed through 1/7 of the
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tube length be the proper gquantity for continuovs tube operation,
the quantity that mnst be drawn in during each period. This fixes
the maximum pressure during a cycle because that pressure substan-
tially determines the quantity drawn in for the next period. Thus
for the first cycle a maximum pressure of 5.5 times atmospheric and
for the second cycle 3.5 times is obtained. The reason for the
lower value for the second pericd 1s that a mection process already
exists from the first period.

The ratio of maximum effective valve avrea to tube area 1s seb
at 0.4, The refiection of the waves at the velves has been explained
in Part T. A rough allcowance shall be made, however, for the mass
and stiffness of the springs by assuming a gradual opening of the
valves to their maximum stroks.

The initial phases of tube oreration will be treated here rather
than the ultimate ogcillatory action because tlie Riemann theory
refers to the initial phases. In view of the rather burdensome work
involved, only the first two periods will be developed. The second
period will give a sufficient 1dea of the essentials of the ultimate
oscillatory action.

The wave propagaticn in the time-distance diagram has been con-
gtructed in figures 7' to 11'. Here the condition of motion and
state of the gas at all tube cross sections and at all times may be
found and elong x = constant and +t = conatant lines the time
sequence of pressure at a given crogs section and the distribution

of pressure along the axis of the tube at a given time may be read.
a

As coordinates, take dimensionless time T =t = and dimensionless

distance ¢ = x/1, in which 1 = tube length. The slope of & line

of propagation rmeasured from the T-axis is thus a velocity made

dimensionless by dividing it by a;, the sonic veloclty of the ini-

tial gtate of rest. The values of the states existing at each point
[

are shown in figures 7' to 11'. {NACA comment: The pair of numbers

shown in each area of figures 7' to 1l1' are the valucs of a/al

(upper) and u/al (lower), respectively., The_pressure may be calcu-
2K /{K-1

lated from the relation p/p; = (a/a;) / )1

-

In order to permit a better cver-all view, Tigure 2' gives &
summary of the wave propagation that is congtructed in detail in
figures 7' to 11!, In figure 2', pressures above and below atmos-
pheric are indicated by + and - signs, and the direction of the flow
by arrows.
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The condensation waves A' and A" (fig. 2'), which arise from
the combustion in the first and second cycles, initiate an outflow
from the end of the tube at greater than atmospheric pressure and
at the velocity of sound. Consequently, the subsegquent rarefaction
wavss B! and B" are reflected as rarefaction waves C' and C" until
tliey have ligquidated the excess pressure. The still later rare-
faction waves D' and D" are reflected as condensation waves E' and
E"; they produce a condition of atmospheric rest. This condition
exigts in the regions designabed I.

At the inlet end, the waves C! and C" initlate the intake period.
When the first wave arrives, the valves are still closed. From that
moment on, due to their inertia, they gradually open. The first waves
are consequently reflected as the rarefaction waves F! and F"; the
lagt waves are reflected as the condensation waves G' in the first
cycle and not reflected at all in the second.

The first cycle influences the sscond cycle through waves E!,
F', and G'. The fresh charge drawn in during the first cycle is com-
pressed and, as indicated in Part I, is also ignited by waveg !,
becauge obviously no cthsr phenomenon exists that might serve to set
off the explosion. The second cycle begins with this ignition,

Wave G' combines with the pressure waves originating in the
second explosion, thereby reinforcing them.

The rarefaction waves F! are reflected at the end of the tube
as condensation waves H' and produce at that point inward flow with
a maximum gas velocity of u/al = 0.18. The boundary of the inflowing
alr is shown by a finely dotted line. This air eventually occupies
1/8 of the tube. This vhenomenon of inward flow at the exhaust end
of the tube was experimentally observed by Paul Schmidt and termed by
him "intrusion of air." This phencmenon was considered unimportant
and hence not treated in Port I of this report because its occurrence
was not so obvious on the basis of the simpler initial conditions
asgumed in Part I.

The effect of waves H' is to produce, following thie combustion,
a nressure higlier than atmospheric at the inlet end, which exists
until the arrival of rarefaction waves C". These waves C" initiate
the second Intake period.

Figure 3' shows the variation of pressure with time at the inlet
end, as derived from the time-distance diagram.
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COMPARISON WITH EXPERIMENTALLY OBSERVED RESULTS AND CONCLUSIONS

For comparison, figure 4' shows experimental results obtained by
Paul Schmidt. It is apparent that the calculated pressure diagram
(fig. 3') substantially agrees with his.

It is of especial interest that an explanation can now be made
for the shoulder in the curve E in figure 4', which appears more
or less markedly in all obaervations of pressure at the inlet end.
It appears also in the pressire diegram that has been calculated
(fig. 3') and is in fact proguced by the waves H', which were orig-
inally reflected from the open valvesg. It is thus seen to be & phenom-
enon of valve operaticn. The ghtirfer the valves are and the more
mass they have the more this shoulder will peak.

On the other hand the commarison shows that the combustion does
not begin suddenly with a comstant speed of burning, as has been
here assumed for the sake of simplicity. The irregularities at the
beginning of the experimentally observed pressurc rise must be due
to vibration of the valve flaps, which will be disregarded here.

In Part I, the occurrence of the condensation waves E was found
as a criterion of the tube operability, from which it vas evident that
tubes with a constriction at the exhaust end are not operable. A
second criterion of operability now appsars, one that simply expresses
the observation of Paul Schmidt that operability is affected by the
opening ratio of the valves, that is, the ratio of maximun effective
open cross-sectional area of the valves to the cross-sectional ares
of the tube. In nthesr words, with ‘oo great an opening ratio the tube
will not operate,

The explanation for this is found in figure 2'., If the opening
ratio is too great, scarcely any of the waves reflected at the valves
will be rarefaction waves F' but instead predaminantly condensation
wvaves G'. The reflected waves H' are then not condensation but rare-
faction waves, This means that the fresh charge will flow in at
higher pressurc and in greater gquantiby and the pressure level will
thus be raised; but on the other hand, when the reflection of wave H!
takes place at the open end of the tube an inflow (rebovnd), or as
Paul Schmid® calls it as intrusion of alr, will not cccur but instead,
due to the reversed character of the waves, a premature outflow will
be initiated, namely, before the compresslon shock wave A" starts the
exhaugt process. The inflow of fresh charge thus has the effect of
8 weak intermediate explosion, that is, it creates a condcensation
wave analogous to G' traveling toward the open end of the tube. But
the wave corresponding to H' consequently reflected from the end of
the tube 1s now a rarefaction wave that weakens the explosion.
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At the correct smaller valve-opening ratio there are, on the
contrary as in figure 2', predominantly rarefaction waves F'. By
reflection at the end of the tube, they give rise to the condensa-
tion wave H', which produces the intrusion of air and strengthens
the explosion. Thus it may be seen that the pressure loss in the
valves must be at least so great that the indrawn fresh charge has
a pressure lower than that of the exhaust gas in the tube.

It might also be said, that when the valve-opening ratio is too
great, the combustion creates too little pressure because it must
ingtead produce volume to maintain the flow through the tube initiated
by H'. The combustion thus ccatinues the prccess that took place due
to the open valvcs, namely, displacement of volume. The limiting case
of combustion at constant pressure is approached. The tube is not
operable in that case because a certain progressive change of pres-
sure 1s necessary in order that enough fresh charge may be drawn in
for the next period.

It is now also seen that the two requirements stated by
Paul Schmidt, namely, not too great a valve-opening ratio and intru-
sion of air, are mutually interdevendent; for it has been learned that
with too great a valve-opening ratio the process of continuous flow
through the tube is too predominant over the oscillatory process.
For the development of sufficient pressure during the explosion, a
back-flow at the open end, that is, intrusion of air, is necessary.

INFLUENCE OF FLIGHT SPEED ON OPERABILITY

In the case of the Jjet tube in flight, the level of pressure on
the valves is increased by the amount of the dynamic pressure, as
compared with the case of the fixed jet tube. At a sufficiently high
flight speed, the increaze is so great that the pressure of the indrawn
fresh charge ls not lower than the exhaust-gas pressure in the tube
and the same phenomenon appears as in the case of a too great valve-
opening ratio. Thus at a certain flight speed, the tube will cease to
be operable for the same reasons as in the case of a too great valve-
opening ratio.

These operating limits should be of more significance than those
computed by Beckert from the limits of combustion set by too lean and
too rich fuel mixtures because the combustion limits are guite broad
for the range of atmospheric conditions that will be encountered and
may easily be influenced by modifications of design.
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In addition to this previously described injurious effect of
flight speed, there is the effect pointed ocut in Part I, namely, that
with increasing flignt speced the compression shock that sets off the
explosion also becomes weaker, assuming the valve-opening ratio is
kept constant.

SHIFTING OPERATING LIMITS TO PERMIT HICHER FLIGAT SPEEDS

An extension of the operating limits would seem to be possible
through autcomatic regulaticn of the valve-opening area in accordance
with flight speed because a reducticn in the ovening ratio with
increasing flight speed would fulfill the requirement of a guffi-
ciently great pressure loss in the valves. However, it must also
be made sure that a gsufficient quantity of fresh charge i1s drawn in.
This consideration sets the 1limit to the posgibilities of opening-
ratio regulation. In this connection, figure 23 of Part I, which
is duplicated as figure 5' in this part, shows that with constant
opening ratio increasing flight speed has little offect on the
indrawn guantity of fresh chargc up tc a speed of 0.4 of the velocity
of gound; after this point the Jffict is more marked. The regulating
mechanisme tnerclforc ougnt not to be operative until the higher
flighs specuds are attained. Xigure 5' also gives a basis for csti-
mating the pnssible scope of the regulation. At a flight speed of
0.8 of the vclocity of sound, the reduction in the opening ratio
ought to be about 25 percent.

Ancther simpler possibility is suggested in figure €'. The
full effect of the impact pressure is preveated by means of a cap
in frcnt of the tube. This cap will also reduce the flow registance.
The cap can be go formed that approximately atmospheric pressure will
be attained at the annular slit where the [resh charge enters, regard-
legs of flight speed. The introduction of air through the slit must,
of course, be so arranged that turning losscs are avoided.

REDUCTION OF INTERNAL-FLOW RESISTANCE

It may be asked whether it is possible to induce the oscillatory
process hy means other than valves with high flow resistance. One
possibility would appear to be the positive mechanical regulation of
the inlet area. It would then be possible to choose a relatively
greater orening ratlio maintained over a shorter time, rather than a
smaller opening ratio operative for a relatively long time., On the
one hand, the flow losses would then be less; and on the other, the
opening of the valves could be made to occur as late as possible and
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with maximuwm suddenness. Late opening would produce strong rare-
faction waves F'! becsuse tne valves would still be closed when the
firgt waves C' gbruck them; and sudden opening would result in strong
condeasation vaves G'. Bosth these effects would gtrengthen the subse-
guent explosion and thereby increase the thrust.

SUMMARY

By taking into account the coursge of the development of pressure
by combustion, a new insight has been obtained into the processes of
motion within the Jet tube, an insight that explains a number of
empirical observations, namely: certain particulars of the sequence
of presgure variations; the existence of an optimum valve-opening
ratio; the occurrence of an intrusion of air; and the existence of a
flight speed above vhich the Jjet tube ceases to operate.

At too great an opening ratio or at too great a flight speed,
the continuous flow through the tube ig too predominant over the
ogcillavory process to permit the occurrence of an explosion powerful
enough to maintain continuous operation.

Certain possible meang of making the operation of the Jjet tube
more indspendentv of the flight speed and of reducing the flow losses
were proposed and discussed.

Translation by Edward S. Shafer,
National Advisory Committee
for Aeronautics.
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Fig. 5!
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Figure 6'. -~ Jet tube having cap in front to reduce effect
of impact pressure on valves.
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Figure 10.— Diagram of wave propagation. S
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